Cosmic rays at the highest energies are observed with the Pierre Auger Observatory. Recent results are discussed and the properties of high-energy cosmic rays are reviewed.
Introduction
The Earth is permanently exposed to a vast flux of high-energy particles from outer space. Most of these particles are fully ionized atomic nuclei with relativistic energies. They have a threefold origin. Particles with energies below 100 MeV originate from the Sun [1, 2] . Cosmic rays in narrower sense are particles with energies from the 100 MeV domain up to energies beyond 10 20 eV. Up to several 10 GeV the flux of the particles observed at Earth is modulated on different time scales by heliospheric magnetic fields [3, 4] . Cosmic rays with energies below 10 17 to 10 18 eV are usually considered to be of galactic origin [5] [6] [7] [8] [9] [10] [11] .
The Larmor radius of a particle with energy E 15 (in units of 10 15 eV) and charge Z in a magnetic field B µG (in µG) is r L = 1.08
ZB µG pc.
Corresponding values for protons are indicated at the top in Fig. 1 for typical values of the galactic magnetic field (B µG ≈ 3).
For a proton with an energy of 10 18 eV a value of 360 pc is obtained. This radius is comparable to the thickness of the galactic disc and illustrates that particles (at least with small charge Z ) at the highest energies cannot be magnetically bound to the Galaxy. Hence, they are considered to be of extragalactic origin [11] [12] [13] [14] [15] .
The all-particle energy spectrum of cosmic rays is depicted in Fig. 1 . The flux strongly decreases as function of energy, being about proportional to a power law E γ , with γ ≈ −3. To make structures in the steeply falling spectrum visible, the flux has been multiplied by a factor E 2.5 in the figure. A change of the spectral slope is visible at energies around 4 · 10 15 eV, the ''knee'', where the parameter γ changes from −2.7 to about −3.1. At energies around 4 · 10 18 eV, the ''ankle'', the spectrum becomes flatter again with γ ≈ −2.7 before it exhibits a strong depression at energies above 4 · 10 19 eV.
Sources
The energy density contained in the flux of extragalactic cosmic rays can be inferred from the measured differential energy spectrum dN/dE [16] 
where βc is the velocity of particles with energy E. To estimate the energy content of the extragalactic component, assumptions have to be made about the contribution of galactic cosmic rays at energies in the transition region E-mail address: j.horandel@astro.ru.nl. URL: http://particle.astro.kun.nl. All-particle energy spectrum of cosmic rays, adapted from [11] ; for references, see Ref. [11] . The radius of protons in the galactic magnetic fields is indicated at the top.
(10 17 -10 18 eV). The extragalactic component needed according to the poly-gonato model [8] to sustain the observed allparticle flux at highest energies has an energy density of ρ E = 3.7 · 10 [17] . The coincidence between these numbers and the observed output in electromagnetic energy of these sources explains why they are considered as promising candidates to accelerate highest-energy cosmic rays.
The characteristic size of an accelerating region can be estimated for models of gradual acceleration, where the particles make many irregular loops in a magnetic field while gaining energy [18] . The size L of the essential part of the accelerating region containing the magnetic field must be greater than 2r L . A closer look reveals that a characteristic velocity βc of scattering centers is of virtual importance [18] , which yields the expression
It relates the characteristic size L pc (in pc) and magnetic fields B µG of objects being able to accelerate particles to energies E 15 . Objects capable to accelerate particles above a respective energy should satisfy the requirement (3). The most promising candidates to accelerate highest-energy cosmic rays are gamma ray bursts and active galactic nuclei (AGN) [18, 19] . These objects are typically in a distance of several tens of Mpc to the Earth. Interactions in the source itself or in the vicinity of the source of hadronic particles (protons, nuclei) yield neutral and charged pions, which subsequently decay into high-energy photons and neutrinos.
Alternatively, the so-called ''top-down models'' are discussed in the literature [20] [21] [22] . They have been motivated by events seen by the AGASA experiment above the threshold for the GZK effect [23] . It is proposed that ultra high-energy particles (instead of being accelerated, ''bottom-up scenario'') are the decay products of exotic, massive particles originating from high-energy processes in the early Universe. Such super-massive particles (with m X 10 11 GeV) decay e.g. via W and Z bosons into high-energy protons, photons, and neutrinos.
Propagation On the way from their sources to the Earth the particles propagate mostly outside galaxies in intergalactic space with very low particle densities. In this environment the most important interactions of cosmic rays occur with photons of the 2.7
• K microwave background radiation, namely pair production and pion photoproduction [24] .
On the last part of their way to the Earth they propagate through the Galaxy. However, since particles at the highest energies travel almost along straight lines they accumulate a negligible amount of material during their short travel through regions with relatively high densities. Thus, interactions with the interstellar material can be neglected.
The Universe is filled with about 412 photons/cm 3 of the 2.7
• K microwave background radiation. Shortly after the discovery of the microwave background it was proposed that ultra high-energy cosmic rays should interact with the photons, leading to a suppression of the observed flux at highest energies [25, 26] . This effect is called after its proposers the Greisen-Zatsepin-Kuz'min (GZK) effect. A nucleon of energies exceeding E GZK ≈ 6 · 10 19 eV colliding head-on with a 2.7
• K photon comprises a system of sufficient energy to produce pions by the photoproduction reaction The energy loss of the nucleon is a significant fraction of the initial energy. The pion photoproduction cross section is quite large above threshold due to resonance production (∆ resonance), rising quickly to 500 mb for photon laboratory energies of about 0.3 GeV. Subsequent decays of the neutral and charged pions produced in (4) yield high-energy photons and neutrinos. [24, 27, 28] . As a consequence of the mechanisms described, particles with energies above the threshold of the GZK effect can travel less than about 100 Mpc through the Universe, before their energy has decreased to 1/e of their initial value. Or, in other words, particles reaching the Earth at these energies have propagated less than 100 Mpc; see also [29] , and their sources are inside a sphere with this radius.
Measurement technique
The extremely steeply falling cosmic-ray energy spectrum (∝ E −3 ) yields very low fluxes for the highest-energy particles.
At the highest energies less than one particle is expected per square kilometer and century. This necessitates huge detection areas and large measuring times. At present, they are only realized in huge ground based installations, registering secondary particles produced in the atmosphere.
Extensive air showers When high-energy cosmic-ray particles penetrate the Earths atmosphere they interact and generate a cascade of secondary particles, the extensive air showers. Hadronic particles interact and produce new hadronic particles or generate muons and photons through pion decays. Some of the muons may decay into electrons, while the photons and electrons/positrons regenerate themselves in an electromagnetic cascade. The by far dominant particles in a shower are electromagnetic particles (photons, electrons, and positrons). Most of the energy of the primary particle is absorbed in the atmosphere. However, a small fraction of the energy is transported to ground level and may be registered in detectors for electrons, muons, and hadrons. Particles traveling with relativistic speeds through the atmosphere (mostly electrons and positrons) emit Čerenkov light. The shower particles also excite nitrogen molecules in the air which in turn emit fluorescence light. While the Čerenkov light is collimated in the forward direction of the particle, the fluorescence light is emitted isotropically, thus, a shower can be ''viewed from aside''. The objective of experiments observing extensive air showers is to determine the properties of the primary particle (energy E 0 , mass A, arrival direction). In the energy regime of interest (E > 10 17 eV) mainly two methods are applied. Electrons (and positrons) as well as muons reaching ground level are observed in large arrays of detectors and the fluorescence light is viewed by imaging telescopes. An alternative technique, presently under investigation, is the detection of radio emission from air showers. Electrons and positrons are deflected in the Earths magnetic field and emit synchrotron radiation, which is detected in arrays of dipole antennas [30] [31] [32] [33] .
The Pierre Auger Observatory The biggest air shower detector, exploring the highest-energy particles in the Universe is the Pierre Auger Observatory. The observatory combines the observation of fluorescence light with imaging telescopes and the measurement of particles reaching ground level in a ''hybrid approach'' [34] . The southern site (near Malargue, Argentina, 35.2
• S, 69.5
• W, 1400 m above sea level) has been completed in 2008. It consists of 1600 polyethylene tanks set up in an area covering 3000 km 2 . Each water Čerenkov detector has 3.6 m diameter and is 1.55 m high, enclosing a Tyvak liner filled with 12 m 3 of high purity water; see Fig. 2 . The water is viewed by three PMTs (9 in diameter). Signals from the PMTs are read by the electronics mounted locally at each station. Power is provided by batteries, connected to solar panels, and time synchronization relies on a GPS receiver. A radio system is used to provide communication between each station and a central data acquisition system. Four telescope systems overlook the surface detector array. A single telescope system comprises six telescopes, overlooking separate volumes of air. A schematic cross-sectional view of one telescope is shown in Fig. 2 . Light enters the bay through an UV transmitting filter. A circular diaphragm (2.2 m diameter), positioned at the center of curvature of a spherical mirror, defines the aperture of the Schmidt optical system. A 3.5 m × 3.5 m spherical mirror focuses the light onto a camera with an array of 22 ×20 hexagonal pixels. Each pixel has a photomultiplier tube, complemented by light collectors.
Each camera pixel has a field of view of approximately 1.5
• , a camera overlooks a total field of view of 30
• azimuth ×28.6
• elevation.
Event reconstruction
The data from the Pierre Auger Observatory allow one to apply different reconstruction algorithms to derive shower parameters from the fluorescence and surface detector systems, respectively as well as from a combination of both techniques. The Auger Collaboration uses the energy measured with the fluorescence detector to calibrate the energy scale of the surface detector [35] . For the fluorescence technique, the atmosphere acts as a calorimeter, the amount of emitted fluorescence light is proportional to the energy deposition in the atmosphere. The basic calibration value, the light yield of electrons in air is measured in laboratory experiments [36, 37] . At present, the measured values have an uncertainty around 15%. The longitudinal shower profile, i.e. the number of charged particles N as function of depth in the atmosphere X is reconstructed from the measured data. The profile is fitted with a function proposed by Gaisser and Hillas [38] :
N max denotes the number of particles at the shower maximum, X max its depth in the atmosphere, X 0 and Λ are free parameters. The integral under this curve is proportional to the energy deposited in the atmosphere. The optical properties of the atmosphere are permanently monitored to ensure a proper reconstruction of the shower parameters [39, 40] . Stereo observation of air showers with two or more telescopes allows one to reconstruct the shower geometry, in particular to determine the three-dimensional orientation of the shower axis [41] . The light registered in the water Čerenkov detectors is proportional to the number of particles impinging into the detector. The reference unit used in the Auger Observatory is the light corresponding to a muon, vertically traversing a detector, the vertical equivalent muon. This quantity is determined for each detector during operation.
The position of the shower axis is obtained as the center of gravity of the number of particles detected with the individual Čerenkov detectors. The particles in an air shower travel in a (slightly curved) disc (with a thickness of a few meters) at the speed of light. Thus, the arrival direction of the shower is derived from the measured arrival times of the particles in the individual detectors.
To determine the shower energy, first the lateral distribution has to be reconstructed. To parameterize the electron number lateral distribution observed by the Auger Observatory, an approach suggested by the Haverah Park Collaboration [42] is applied [43] . The signal S in a water Čerenkov detector is parameterized as function of distance r to the shower core as S(r) = kr −(η+r/r s ) for r < 800 m and S(r) = (1/800) δ kr −(η+r/r s )+δ at larger distances. The shape parameter η varies with zenith angle, while the parameter δ and the scale radius r s = 4000 m are fixed.
To avoid uncertainties related to simulations of the shower development in the atmosphere, the following method is being applied in the Auger Observatory to determine the shower energy [44] . It makes use of the constant intensity method, which relies on the fact that primary cosmic rays arrive isotropically. The value S(1000) of the measured signal in a water Čerenkov detector at a distance of 1000 m from the shower axis is used. The dependence of this parameter on the depth in the atmosphere (which varies as sec θ of the shower zenith angle θ) is obtained from the measured data. Using this dependence, the actually measured signal is converted to the value S 38 , representing the signal for a shower with a zenith angle of 38
• .
Finally, the primary energy is estimated as E[EeV] = 0.149 · S 1.08 38 using the fluorescence telescopes as optical calorimeters, which define the energy scale in a direct way [44] as described above.
Properties of cosmic rays
In the following, recent results of the Pierre Auger Observatory are reviewed and the properties of ultra-high-energy cosmic rays are described.
Energy spectrum
The data of the surface detector with its high duty cycle allow one to reconstruct the energy spectrum up to the highest energies. The energy of each shower is calibrated with a subset of high-quality events observed by both, the surface detector and the fluorescence telescopes. The systematic uncertainty of the energy cross calibration amounts to 7% at 10 19 eV and increases to 15% above 10 20 eV [46] . A correction has been applied to correct for bin-to-bin fluctuations due to the limited energy resolution of the surface detector data (about 20%). The correction is energy dependent and less than 20% over the complete energy range [45] . The systematic uncertainties of the derived flux amount to 5.8%.
The fluorescence detector, operated during clear, moonless nights has a duty cycle of about 13%. These measurements make it possible to extend the energy range down to 10 18 eV. The atmospheric conditions are monitored during the measurements [39, 40] . Only time intervals are considered for the analysis for which the light attenuation due to aerosols has been measured and for which no clouds have been detected above the observatory. The total systematic uncertainty of the derived hybrid spectrum is 10% at 10 18 eV and decreases to about 6% above 10 19 eV [45] . The two measurements just discussed have been combined to one energy spectrum, covering the energy range from 10 18 to above 10 20 eV [45] . The combination procedure utilizes a maximum likelihood method which takes into account the systematic and statistical uncertainties of the two spectra. Parameters to scale the flux of the individual spectra are derived from the procedure. They amount to k SD = 1.01 and k FD = 0.99 for the surface detector data and the hybrid data, respectively. These values demonstrate the good agreement between the independent measurements. The systematic uncertainty of the combined flux is less than 4%. As the surface detector data are calibrated with hybrid events, it should be noted that both spectra share the same systematic uncertainty for the energy assignment. The main contributions to this uncertainty are the absolute fluorescence light yield (14%) and the absolute calibration of the fluorescence photodetectors (9.5%). An overall systematic uncertainty of the energy scale of 22% has been estimated [46] . The resulting energy spectrum is depicted in Fig. 3 [45] . The flux has been multiplied by E
. A depression above ·10
19 eV can be recognized [44] in agreement with measurements of HiRes [47] . At energies around 4 · 10 18 eV a change of the shape of the spectrum can be recognized, the so-called ankle. To precisely measure the positions of these features is crucial to understand the underlying (astrophysical) phenomena.
The measured values are compared to predictions from different astrophysical scenarios in Fig. 3 . The parameter β characterizes the injection spectrum at the sources ∝ E −β . m describes the cosmological evolution of the sources (1 + z) m , z being their redshift. Assuming, e.g., a uniform distribution of sources, no cosmological evolution of the sources (m = 0), and a source flux ∝ E −2.6 one obtains a spectrum that is at variance with the Auger data. Better agreement is obtained for a scenario including a strong cosmological evolution of the source luminosity (m = 5) in combination with a harder injection spectrum (β = −2.3). A hypothetical model of a pure iron composition injected with a spectrum ∝ E −2.4 and uniformly distributed sources with m = 0 is able to describe the spectrum above the ankle, below, an additional (galactic) component is required.
Mass composition
For fluorescence detectors, the observable most sensitive to the composition of cosmic rays is the position of the shower maximum X max . Its average value X max is related to the mean logarithmic mass ln A as
X max denotes the measured value and X p max and X Fe max the values for showers induced by protons and iron nuclei, respectively. The width of the X max distribution is another sensitive parameter, since heavy nuclei are expected to exhibit smaller shower-to-shower fluctuations as compared to protons. X max is determined by a fit of a Gaisser-Hillas function (5) to the measured shower profiles. The total uncertainty of the values obtained is ≤15 g/cm 2 at low energies and ≤ 11 g/cm2 above 10 18 eV [48] .
The measured values are shown in Fig. 4 (left) . The numbers indicate the number of events at each energy. A structure is visible in the data at an energy of about 2 · 10 18 eV. This structure coincides almost with the ankle in the energy spectrum seen in Fig. 3 . In addition, predictions of simulations are shown for proton and iron induced showers, using different hadronic interaction models to describe the development of air showers in the atmosphere. The average mass of the cosmic rays can be deduced from the X max values (6). However, as can be seen in Fig. 4 (left) the different interaction models yield different values for X max . Thus, a precise determination of the average mass is presently difficult. A general trend can be inferred from the figure: At energies below 2 · 10 18 eV the average composition becomes lighter as function of energy, while at higher energies a trend towards a heavier composition as function of energy is visible.
Also the data obtained with the surface detector are sensitive to the mass composition [49] . The time profile of particles reaching ground level is sensitive to the cascade development in the atmosphere. A higher production height corresponds to a narrower time pulse. The first portion of the signal is dominated by the muon component which arrives earlier and over a period of time shorter than the electromagnetic particles. The risetime t 1/2 , defined as the time to go from 10% to 50% of the total integrated signal in each station, is effective for mass discrimination. It is sensitive to the electron-to-muon ratio, a parameter used to infer the composition of cosmic rays.
Also the asymmetry of the time distributions from the water Čerenkov detector signals of non-vertical showers carries valuable information related to the chemical composition of cosmic rays. The risetime asymmetry is measured by selecting showers in intervals of energy and sec θ, θ being the zenith angle. The evolution of the azimuthal asymmetry with zenith angle is different for different species of primary particles.
Both methods, the risetime and the asymmetry parameter have been cross-calibrated with measured X max values using hybrid events. The systematic uncertainties are found to be approximately 10 and 16 g/cm 2 for the risetime and asymmetry methods, respectively. The methods are then applied to the whole data set of the surface detector. The resulting X max values are presented in Fig. 4 (right) [49] . The results are shown above 3 · 10 18 eV, the energy at which the surface detector trigger becomes fully efficient for both, proton and iron primary particles. The values exhibit a similar trend of an increase of the mean mass as function of energy as already seen from the X max measurements obtained from the fluorescence telescopes; see Fig. 4 
(left).
Photon fraction Air showers induced by primary photons develop an almost pure electromagnetic cascade. Experimentally they are identified by their relatively low muon content or their relatively deep shower maximum. Since mostly electromagnetic processes are involved in the shower development, the predictions are more reliable and do not suffer from uncertainties in hadronic interaction models. A compilation of recent upper limits on the contribution of photons to the allparticle flux is shown in Fig. 5 (left) [50, 51] . The best photon limits are the latest results of the Pierre Auger Observatory, setting rather strong limits on the photon flux. They are based on measurements with the Auger surface detectors, taking into account observables sensitive to the longitudinal shower development, the signal risetime, and the curvature of the shower front.
In top-down scenarios for high-energy cosmic rays, the particles are decay products of super-heavy particles. This yields relatively high-fluxes of photons predicted by such models. Several predictions are shown in the figure [53, 54] . These scenarios are strongly disfavored by the recent Auger results. The upper limits are already relatively close to the fluxes expected for photons originating from the GZK effect [55] , shown in the figure as shaded area. Within 20 years of operation of the southern part of the Auger Observatory the detection of photon events at fractions below 0.1% (above 10 19 eV) will be at hand. This will also allow one to address fundamental physics questions, such as Lorentz invariance; see Ref. [51] .
Neutrino fraction The detection of ultra high-energy cosmic neutrinos is a long standing experimental challenge. Many experiments are searching for such neutrinos, and there are several ongoing efforts to construct dedicated experiments to detect them [56, 57] . Their discovery would open a new window to the Universe [58] . However, so far no ultra high-energy neutrinos have been detected.
To discriminate against the huge hadronic background in air shower detectors, neutrino candidates are identified as nearly horizontal showers with a significant electromagnetic component. The Pierre Auger Observatory is sensitive to Earthskimming tau-neutrinos that interact in the Earth's crust [59] . Tau leptons from ν τ charged-current interactions can emerge [52] . According to top-down models for ultra high-energy cosmic rays a large flux of ultra high-energy neutrinos is expected. As an example, the predictions of a model [60] are shown in the figure as well. This model is disfavored by the recent upper limits. It should also be noted that the current experiments are only about one order of magnitude away from predicted fluxes of GZK neutrinos (cosmogenic neutrinos).
Arrival directions
Cosmic rays at the highest energies (E > 5.5 · 10 19 eV) have been found to arrive anisotropically at Earth [61, 62] . The arrival directions are correlated with the direction of the supergalactic plane. In particular, the events are found to be correlated with nearby objects from the 12th edition of the catalog of quasars and active galactic nuclei (AGN) by VeronCetty and Veron [63] . The best correlation was found for a distance between the cosmic rays and the astrophysical objects of ψ = 3.1
• and a maximum distance of the objects of about D = 75 Mpc. The observed correlation identifies neither individual sources nor a specific class of astrophysical sites of origin. It provides clues to the extragalactic origin of cosmic rays with the highest energies and suggests that the suppression of the flux, as discussed above, is due to interaction with the cosmic background radiation. Recently, the analysis has been updated, including new measurements [64] . 58 events have been registered with energies above E = 5.5 · 10 19 eV. A subset of 44 events is independent of those used to determine the parameters ψ, D, and E . 17 of those 44 events correlate with astrophysical objects under these parameters. This correlation has less than 1% probability to occur by chance if the arrival directions are isotropically distributed. The distribution of the angular separation between the arrival direction of cosmic rays and the closest AGN in the VCV catalog is depicted in Fig. 6 (left) . The shaded area indicates expectations for an isotropic distribution of the arrival directions. The VCV catalog is incomplete in the region of the galactic disc. The dotted distribution represents cosmic rays with a galactic latitude |b| < 12
• . The evidence for anisotropy has not strengthened since the analysis reported in Ref. [61] . The degree of correlation with objects in the VCV catalog appears to be weaker than suggested by the earliest data.
We note an excess of events in the present data set close to the direction of the radio source Cen A, a region with a high density of potential sources. The number of events observed as function of their distance to Cen A is plotted in Fig. 6 (right) . The shaded area indicates the distribution expected for isotropic arrival directions. This excess is based on a posteriori data but suggests that the region of the sky near Cen A warrants further study.
Additional data are needed to make further progress in the quest to identify the sites of the origin of ultra-high-energy cosmic rays. Studies to discriminate among different populations of source candidates are under way [65] .
Outlook
The Pierre Auger Observatory has started continuous, stable data taking in 2004 and the observatory has been completed in 2008. Already now, the measured air showers represent the largest data sample ever collected. This allows the Auger Collaboration to derive the properties of ultra-high-energy cosmic rays with unmatched quality.
While the southern site, near Malargue, Argentina will be continuously operated, we are preparing a northern site, close to Larmar, Colorado [66] . The northern site will significantly increase the exposure of the observatory, which is important to collect a significant number of events above the onset of the observed depression in the spectrum (E > 4 · 10 19 eV). At the same time it will provide full-sky coverage, important to reveal the sources of the highest-energy particles and to do astronomy with charged particles. Extensions of the southern site to measure cosmic rays above 10 17 eV are under way [67, 68] , including the exploration of a new technique to detect air showers via the measurement of radio waves [32] .
We are looking forward to exciting times with the data measured with the Pierre Auger Observatory continuing to significantly contribute to our understanding of the highest-energy particles in the Universe.
